Shigella flexneri is an infectious pathogen that causes dysentery to human, which remains a serious threat to public health, particularly in developing countries. In this study, the global protein expression patterns of S. flexneri during transition from exponential growth to stationary phase in vitro were analyzed by using 2-D PAGE combined with MALDI-TOF MS. In a time-course experiment with f ive time points, the relative abundance of 49 protein spots varied signif icantly. Interestingly, a putative outer membrane protein YciD (OmpW) was almost not detected in the exponential growth phase but became one of the most abundant proteins in the whole stationary-phase proteome. Some proteins regulated by the global regulator FNR were also signif icantly induced (such as AnsB, AspA, FrdAB, and KatG) or repressed (such as AceEF, OmpX, SodA, and SucAB) during the growth phase transition. These proteins may be the key ef fectors of the bacterial cell cycle or play important roles in the cellular maintenance and stress responses. Our expression prof ile data provide valuable information for the study of bacterial physiology and form the basis for future proteomic analyses of this pathogen.
Introduction
Shigella species is a group of Gram-negative, nonspore forming, facultative pathogens closely related to Escherichia coli. The bacteria cause a disease called shigellosis in humans, an infection of the large intestine characterized by abdominal cramps, diarrhea, and fever. They can enter epithelial cells and trigger apoptosis in macrophages. There are four different species of Shigella based on the differences in O antigen and some biochemical reactions (1 ) . Among them, Shigella flexneri is responsible for the majority of cases of endemic dysentery prevalent in developing countries where sanitation is poor. Most affected by this organism are children under five years old (2 ) . Owing to the low infectious dose (10 to 100 bacteria) and the emergence of multiple resistance strains, knowledge about the physiology and pathogenesis of Shigella is urgently required.
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The traditional bacterial life cycle has three phases, including lag phase, exponential or logarithmic phase, and stationary phase, while it can be expanded to include two additional phases: death phase and long-term stationary phase (3 ) . The exponential phase is characterized by a period of population doublings, in which the cells consume nutrients and excrete waste products. The stationary phase is initiated as nutrient or toxic product concentrations reaching levels that can no longer support the maximum rate of growth. During transition from exponential growth to stationary phase, bacteria experience various environmental changes and their reproductive ability is gradually lost. However, the molecular mechanism underlying this trade-off between reproduction and survival has not been fully deciphered (4 ) .
To investigate the physiology and molecular biology in a global scale during this transition, proteomic approaches have been applied in previous studies (5 , 6 ) . In this study, we provide the profiles of phase-dependent proteins produced by S. flexneri with high resolution and sensitivity. These data will expand our understanding of the question that how the whole proteome is regulated during the growth of this pathogen.
Results

Growth curve of S. flexneri 2a 2457T
The growth curve of S. flexneri serotype 2a strain 2457T in batch culture was constructed from the values of optical density OD 600nm as shown in Figure 1 (see Materials and Methods). We collected the bacteria and sampled for every 1 h from the exponential phase at OD 600nm of 0.6. The values of OD 600nm and the viability counts at each time point were measured (Table 1) .
Protein expression prof iles of S. flexneri 2a 2457T at dif ferent stages
Previous proteomic research of S. flexneri showed that most protein spots were scattered in the pI regions of pH 4-7 (7 ). Thus, our research also focused on the changes of acidic proteins at different stages.
As shown in Figure 2 , the five two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) gels of different stages are comparable with each other. More than 1,000 spots were detected on all of the five gels by Colloidal CBB staining. The total number of protein spots increased from Stages I to III, and then decreased from Stages IV to V. Some phase-specific proteins were almost not detected in Stage I or V. Most of the proteins whose expressions were continually induced or repressed and some of the proteins whose expressions fluctuated at different stages were cut out for further analysis. These protein spots are also indicated in Figure 2 .
Identif ication and analysis of selected proteins
After destaining and in-gel trypsin digestion, a total of 49 spots representing 46 proteins were identified by matrix-assisted laser desorption/ionization timeof-flight mass spectrometry (MALDI-TOF MS). The database search results about these proteins are summarized in Table 2 . at which the experiments were carried out. Bioinformatic analyses revealed that proteins involved in energy production and conversion (12/46) and translation (9/46) comprise a major part of the identified proteins. Others were related to cell wall or membrane biogenesis (4/46), carbohydrate metabolism (3/46), signal transduction (3/46), and so on. As to the subcellular localization, more than two thirds of these proteins were localized in cytoplasm. Besides, membrane proteins and periplasmic proteins were included, but only as a minor part. The detailed functional categories of these proteins based on the classification of Clusters of Orthologous Groups (http://www.ncbi.nlm.nih.gov/COG/) and the cellular localizations predicted by PSORTb v.2.0 (www.psort.org) were listed in Table 3 . The relative abundance and expression patterns of identified proteins in the five gels at different stages were also described. 
Discussion
Comparative genomics studies have shown that S. flexneri is closely related to E. coli and they might belong to the same genus based on DNA homology (8 , 9 ) . Given the physiology research of S. flexneri is still limited, the features and functions of these proteins are mainly deduced from the information of homologous proteins in E. coli.
Carbon metabolism
From exponential growth to stationary phase, the available carbon resources in culture were gradually depleted. Carbon-starved bacterial cells were found to increase their synthesis of glycolysis enzymes, with a reduced production of tricarboxylic acid (TCA) cycle enzymes (10 ) . The reaction catalyzed by pyruvate dehydrogenase is the gateway to the TCA cycle, producing acetyl-CoA for the first reaction. The E1 (AceE, Spot G25) and E2 (AceF, Spot G49) components of this multienzyme complex were expressed decreasingly during the growth phase transition. The 2-oxoglutarate dehydrogenase is one of the key enzymes in the TCA cycle. The expression of E1 (SucA, Spot G35) and E2 (SucB, Spot G28) components of this multienzyme complex were also synchronally reduced in our experiments. The expression of pyruvate-formate lyase (PflB, Spot G43), an enzyme critical in mixed acid fermentation, was significantly increased from Stages I to III, then decreased from Stages IV to V. Another putative pyruvate-formate lyase (YfiD, Spot G02) was expressed increasingly from Stages I to III, and then the amount of this protein maintained, just like the phenomenon observed in E. coli (11 ) . These results supported the study that bacterial cells would convert their aerobic metabolism into anaerobic fermentation upon the stationary phase (12 ) .
Respiratory electron acceptor
The fumarate reductase converts fumarate to succinate, acting as the key enzyme in fumarate respiration. We found that the expressions of fumarate reductase subunits A (FrdA, Spot G44) and B (FrdB, Spot G08) were induced during the growth phase transition. This indicated that cells of S. flexneri controlled their aerobic respiration and turned to use fumarate respiration to generate a proton gradient.
According to a previous report, fumarate is manufactured from C4-dicarboxylates and related compounds in Luria-Bertani (LB) medium, including oxaloacetate, malate, and aspartate (13 ) . In our experiments, aspartase (AspA, Spot G06) and periplasmic asparaginase II (AnsB, Spot G04) were greatly induced. Therefore, AspA might have a role together with AnsB in the utilization of exogenous asparagine and the generation of fumarate. Accordingly, we can say, if aspartate (asparagine) was enough, the stationary accumulation of succinate might largely result from conversion of aspartate (asparagine) to fumarate via aspartase (and asparaginase), followed by reduction via fumarate reductase in fumarate respiration, although succinate could be produced through reductive branch of the TCA cycle pathway, which is the main pathway for succinate production in Saccharomyces cerevisiae during anaerobic glucose fermentation (14 ) .
Oxidative defense machinery
Oxidation damage may be the Achilles's heel of stationary-phase bacterial cells, since many reported genes induced by stasis are related to the oxidative defense machinery (4 , 15 ) . In our experiments, the expression of Mn-cofactored superoxide dismutase (SodA, Spot G19), which converts superoxide anions into molecular oxygen and hydrogen peroxide, was repressed. However, the bifunctional hydroperoxidase I (KatG, Spots G50-53), having both catalase and peroxidase activity, was induced greatly. This indicated that there were two different systems in the response of S. flexneri to the oxidation damage caused by reactive oxygen species, and KatG might play an important role in the stationary-phase oxidative defense machinery.
Interestingly, the KatG protein was identified in the present study as four separate spots (G50-53) with the same molecular weight but different isoelectric point values. This indicated that there might be two different modifications after translation for the two different functions of this enzyme, and there are two forms (reduced form and oxidated form) for each.
Translation-related proteins
The expressions of some ribosomal proteins were reduced during this transition, such as 50S ribosomal subunit protein L9 (RplI, Spot G46), 30S ribosomal subunit protein S6 (RpsF, Spot G34), and 30S ribosomal subunit protein S1 (RpsA, Spot G14). In the present study, we also identified some tRNA synthetases (or subunits), including aspartate tRNA synthetase (AspS, Spot G17), alanyl-tRNA synthetase (AlaS, Spot G18), asparagine tRNA synthetase (AsnS, Spot G20), serine tRNA synthetase (SerS, Spot G26), and glutamate tRNA synthetase catalytic subunit (GltX, Spot G29). The expression patterns of these proteins showed a trend of decreasing, although some fluctuating expressions existed. According to a previous report, the reduced production of proteins involved in translation might result from sigma factor competition (σ S /σ 70 ) for RNA polymerase binding (16 ) .
Outer membrane proteins
The protein with the most significant change in expression level is a putative outer membrane protein YciD (OmpW, Spot G01), which could be seen as the hallmark of the stationary phase. A previous study showed that the protein is a receptor for Colicin S4 (17 ), but our data obviously suggested another role of this protein related to the growth of S. flexneri.
Then, a YciD null mutant strain was constructed by using the λ-phase Red recombination system (18 ) . The mutant strain grew faster than wild-type strains in the liquid culture, and reached a higher final culture density. The colony diameter of the mutant strain was also bigger than wild-type strains. These primary results supported our hypothesis that the YciD protein controlled the growth of this pathogen. Furthermore, due to the polar localization of YciD (19 ) , it might regulate the growth by changing the permeability of outer membrane.
Another outer membrane protein OmpA (Spot G55), which is one of the most abundant proteins in the outer membrane of E. coli, showed a trend of increasing in expression level. It was believed to form a nonspecific diffusion channel, allowing various small solutes to cross the outer membrane (20 ) . In addition, the expression of protein OmpX (Spot G33) was reduced during the growth phase transition. The biological function of OmpX is still not clear, although the study on this protein has obtained some information recently (21 ) . Interestingly, the targeting processes of OmpA and OmpX to the Sec-translocase for transport across the inner membrane were both SecBdependent (22 ) .
Other proteins
The expression of the universal stress protein YnaF (UspF, Spot G03) was dramatically induced during the growth phase transition. UspF has an adenine nucleotide-binding domain, and was found to be upregulated under glucose limited conditions in a previous proteomic research of E. coli (23 ) . Further analyses of this protein are now being processed.
Glycerophosphoryl diester phosphodiesterase (GlpQ, Spot G13) could hydrolyze deacylated phospholipids to an alcohol plus Glycerol-3-P that is subsequently transported into the cell and utilized as carbon sources. The expression of this enzyme was increasingly induced in our experiments. Thus, this protein might be involved in the stationary autophagy (dwarfing phenomenon), an important survival mechanism of bacteria (4 ).
The global regulator FNR
Many of the identified proteins (10/46) were under the control of the global transcriptional regulator FNR. Among these proteins, AceEF, NuoG, OmpX, SodA, SucAB, and YfiD were negatively regulated by FNR (24 , 25 ) and their expressions were reduced in our work; AnsB, AspA, FrdAB, and KatG were positively regulated by FNR (24 , 25 ) and their expressions were increased in our work. This is in agreement with the function of FNR. Therefore, the global transcriptional regulator FNR should play a key role in the growth phase transition.
Previous studies reported that the activity of FNR was regulated by oxygen. It would be active only during anaerobic growth and become inactivated even at very low O 2 -tensions (1 µM) (26 ) . Interestingly, our experiments were carried out at aerobic conditions. The expression changes of those proteins might be due to the decreasing amount of dissolved oxygen from exponential growth to stationary phase. Another possible explanation is that there is another defense mechanism to activate FNR (or another similar regulator?) for reducing the redox potential. This defense system would function at microaerobic stress conditions to protect the cell against potentially oxidative damages.
Benefiting from the high-resolution 2-D PAGE method, the majority of our results were coincident with those physiology phenomena reported previously. This global expression profiling research has revealed previously unrecognized relationships between different proteins and pathways in the life of S. flexneri 2a 2457T. These data provide a better understanding of the question that how protein production is regulated during the growth of this pathogen.
Materials and Methods
Preparation of whole-cell protein extract
A virulent S. flexneri serotype 2a strain 2457T was grown aerobically in 200 mL LB medium at 37
• C.
Cells were harvested at five time points from the exponential phase at an optical density OD 600nm of 0.6 till the bacteria grew into the stationary phase (represented as Stages I-V). The preparation of wholecell protein extract was performed as described previously (27 ) . The protein concentration of samples was measured by using the PlusOne 2-D Quant Kit (Amersham Biosciences, Piscataway, USA), and 0.8 mg aliquots were stored at −80 • C.
2-D PAGE
Isoelectric focusing (IEF) was performed by using immobilized pH gradient (IPG) strips (18 cm; Amersham Biosciences) at 20
• C for 60,000 V·h. After IEF, each strip was equilibrated as described previously (28 ) . For the second dimension, vertical slab sodium dodecyl sulfate (SDS)-PAGE (12.5%) was performed for about 4.5 h at 30 mA/gel by using a Bio-Rad Protean II Xi apparatus (Bio-Rad, Hercules, USA). Image analysis was processed by ImageMaster 2D Platinum software (Amersham Biosciences), and the images of five stages (I-V) were compared. The relative volume of each spot was determined from the spot intensities in pixel units and normalized to the sum of the intensities of all the spots on the gel.
In-gel protein digestion and MALDI-TOF MS
The Coomassie-stained protein spots of interest were cut out, and in-gel protein digestion was performed as described previously (28 ) .
Peptides from digested proteins were resolubilized in 2 µL of 0.5% triflouroacetic acid (TFA). Peptide mass fingerprinting measurements were performed on a Bruker Reflex TM III MALDI-TOF mass spectrometer (Bruker, Bremen, Germany) working in reflectron mode with 20 kV of accelerating voltage and 23 kV of reflecting voltage. A saturated solution of α-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 0.1% TFA was used for the matrix. A total of 2 µL of the matrix solution and sample solution were mixed in a 1:1 (v/v) ratio and applied onto the Score 384 target well. The mass accuracy for peptide mass fingerprinting analysis was 0.1-0.2 Da with external calibration, and internal calibration was carried out by using enzyme autolysis peaks with the resolution of 12,000.
Protein identif ication
Database searches were performed by using the Mascot software (Matrix Science Ltd., London, UK) licensed in-house for the database of S. flexneri 2a 2457T (4,668 sequences) and checked again by using Mascot with free access on the Internet (www.matrixscience.com). Monoisotopic masses were used to search the databases, allowing a peptide mass error of 0.3 Da and one partial cleavage. Oxidation of methionine and carbamidomethyl modification of cysteine were considered. For unambiguous identification of proteins, more than five peptides must be matched, and the sequence coverage must be greater than 15%.
